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Introduction
Laser-induced breakdown spectroscopy (LIBS) has been a powerful and useful element analysis technique in recent years. This method is based on using a focused high power laser to induce plasmas on the target surface. The spectral analysis of the emission lines from the luminous plasma provides the elemental compositions of the target. Because the plasma is formed by focused laser irradiation, it has many advantages including the capability of multielement detection, ability to detect solid, liquid and gas targets, no sample preparation, realtime and in situ analysis, nearly nondestructive measurements [1] . These advantages of LIBS offer a wide range of applications, such as aerosol analysis [2] , biomedical analysis [3] , pharmaceutical materials analysis [4] , environment analysis [5, 6] , and cultural heritage objects analysis [7] .
Many methods have been developed to improve the sensitivity of LIBS, such as, dualpulse excitation [8] [9] [10] , spatial or magnetic confinement [11] [12] [13] [14] , microwave-assisted LIBS [15] , and laser ablation combined with fast pulse discharge [16] . Generation of hightemperature and low-density plasmas in LIBS to improve the spectral resolution has also been achieved by introducing a second laser pulse to re-ablate the laser-induced particles with delays up to milliseconds [17] . These high-temperature and low-density plasmas have the potential of spectral resolution improvement.
In our study, such plasmas were generated in the blue outer envelope of a neutral oxyacetylene flame to improve the LIBS sensitivity. Fast imaging and temporally resolved spectroscopy were carried out to study the plasma evolution. Electron temperatures and densities were calculated to investigate the flame effects on the plasmas.
Experimental methods

Experimental setup
The schematic experimental setup for the flame-enhanced LIBS is shown in Fig. 1 . The laser used for plasma generation was a pulsed KrF excimer laser (Lambda Physik, Compex 205 F) with a wavelength of 248 nm and a pulse duration of 23 ns. The laser was operated in the external triggered mode for synchronization. The laser beam was normally focused onto the target surface by an ultraviolet (UV) grade quartz lens (Lens 1 with a 20-cm focal length) to a spot size of about The laser absorption by the flame was negligible. An aluminum alloy target (NIST 1255b) with an aluminum content of 91% and a low alloy steel target (NIST 1762) were used in this study. 
Spectral measurements
The optical emission from plasmas was coupled into a spectrometer (Andor Tech., Shamrock 303i) by lens 2 (5-cm focal length) and lens 3 (10-cm focal length). The spectral resolution for the 2400-line grating is 0.05 nm. A 512 × 512 pixel intensified CCD detector (ICCD: Andor Tech., iStar, DH-712) was attached to the exit focal plane of the spectrometer. The ICCD detector was operated in the gate mode. The gate delay and gate width can be adjusted so that the spectra at different time delays after the laser pulse can be obtained. All the spectra were accumulated for 50 pulses to reduce the standard deviation in this study. Both the spectrometer and laser were synchronized by a digital delay generator (Stanford Research System DG 535, 5 ps delay resolution). To better observe the plasma evolution process and avoid overexposure of ICCD, a small gate width (50 ns) was used to observe the plasma evolution before 2 µs and a larger gate width (200 ns) was used to observe the plasma evolution after that.
Results and discussion
Fast imaging and temporally resolved spectroscopy of plasmas with time delays below 2 μs
The aluminum alloy sample (NIST 1255b) was used to study the influence of flame on plasma evolution. Figure 2 shows the fast images of Al plasmas on a relative intensity scale without (top row) and with (bottom row) the presence of the flame in a time period of 0.8 ~2 μs. The dash line shows the location of the sample surface. The first image was taken at a time delay of 0.8 μs with a gate width of 50 ns. The following images were taken with increasing time delays with a step of 200 ns. As shown in Fig. 2 , the plasma plumes are always larger and brighter in the flame, which is primarily due to the fact that the plasmas have larger expansion rate in a hotter environment [18, 19] . Another factor contributed to this is the higher ablation rate caused by the higher sample temperature due to the flame heating [20, 21] . The Al atomic lines in the spectral range of 388 ~400 nm and Al ionic lines in the spectral range of 462 ~470 nm were measured to investigate the flame effects on these emission lines. Figures 3(a) and 3(b) show the temporal evolution of Al spectra in the range of 388 ~400 nm without and with flame in the time period of 0.8 ~2 µs, respectively. The first spectrum was acquired with a delay time of 0.8 μs. The following spectra were acquired with increasing delays with a step of 200 ns and a gate width of 50 ns. It is observed that the emission line intensities are always enhanced in the flame. Figures 3(c) and 3(d) show the temporal evolution of peak intensity and FWHM of the Al I 394.4 nm atomic line without (square blue curve) and with (dot red curve) the presence of the flame, respectively. The transition configuration for this Al I 394.4 nm atomic line is 3s 2 3p -3s 2 4s, where 3s 2 3p is the ground state of the Al atom. It is observed that in the flame environment, the peak intensity of the Al I 394.4 nm atomic line is enhanced for around 4 times while the FWHM is narrowed down to 60% at 0.8 µs.
The influence of the flame on the Al ionic lines was also investigated. 2 -3s4p and 3s5p -3s11s, respectively. The intensity of the Al II 466.5 nm ionic line is enhanced for up to 3 times in the flame. In addition to the flame effects on Al plasmas in their early lifetime (before 2 μs) as described in the previous section, the flame effects on Al plasmas evolution after 2 μs were also investigated. Figure 4 shows the fast images of Al plasmas on a relative intensity scale without (top row) and with (bottom row) the flame from 2 to 16 µs. The dash line shows the location of the sample surface. The first image was acquired at a delay time of 2 μs with a gate width of 200 ns. The following images were acquired with increasing delays with a step of 2 μs. As shown in Fig. 4 , the plasma plume size is always larger in the flame. However, the brightness of the plasmas is stronger before 12 µs and weaker after that in the flame. Figures 5(a) and 5(b) show the temporal evolution of Al spectra in the range of 388 ~400 nm without and with the presence of flame in the time period of 2 ~20 μs, respectively. The first spectrum was acquired with a delay time of 2 μs and a gate width of 500 ns. The following spectra were acquired with increasing delays with a step of 2 μs. As observed, the emission line intensity is significantly enhanced with flame at the delay time of 2 μs. To better investigate the flame effect on the spectra evolution, the temporal evolution of peak intensity and FWHM of the Al I 394.4 nm atomic line were plotted in Figs. 5(c) and 5(d), respectively. As shown in Fig. 5(c) , the peak intensities are enhanced before 12 μs but weakened after that in the flame. The peak intensities also decay rapidly in the flame, which results in a shorter plasma lifetime. As shown in Fig. 5(d) , the FWHM of Al I 394.4 nm is also narrowed down to 86% at 2 μs with the flame, which indicates an improvement in the spectral resolution. A low alloy steel target (NIST 1762) was also used to support the universality of the signal enhancement caused by flame on different elements in LIBS. Figures 6(a) and 6(b) show the temporal evolution of the low alloy steel spectra in the range of 398 ~410 nm without and with flame from 2 to 20 µs, respectively. At the delay time of 2 µs, the enhancement is up to 3 times for the detected elements with flame, including the low concentration elements such as manganese with a concentration of 2.00%. Furthermore, the emission line intensities decrease rapidly and are weaker after 12 µs in the flame, which is consistent with the results found in the previous Al plasmas experiments.
Fast imaging and temporally resolved spectroscopy of plasmas with time delays above 2 μs
For the LIBS enhancement with the flame, the main factor is that the plasma temperature is higher before 8 μs in the flame, which causes more atoms to be excited. A minor factor is the larger ablation rate caused by the higher sample temperature due to the flame heating [19] [20] [21] . The shorter plasma lifetime is caused by the enhancement of energy transfer due to the increased collision among particles with the presence of the flame [22, 23] . The flame effects on the temporal evolution of the electron temperature and density of the Al plasmas are shown in Figs. 7(a) and 7(b), respectively. According to the local thermodynamic equilibrium assumption, plasma temperatures can be deduced from the relative intensities ratio of the spectral lines from the same element ionization stage [1, 24] . The lines selected for the calculation of the electron temperatures are Al I 308.22 nm and Al I 394.40 nm in this study. As shown in Fig. 7(a) , the electron temperature rose by around 3000 K at 2 μs and was always higher before 8 μs with the flame. The electron density of Al plasmas was deduced from the Stark broadening of the Al I 394.4 nm line [1] . As shown in Fig. 7(b) , the electron density decreased from ~2.1 × 10 17 to ~1.3 × 10 17 cm −3 at 1 μs. Thus, the plasmas have higher temperatures and lower densities before 4 μs, which are beneficial to enhancing optical emission intensity and improving spectral resolution since more excited atoms and less stark broadening effect could be obtained in higher temperatures and lower density plasmas.
Plasma temperature and density
Conclusions
The flame-enhanced laser-induced breakdown spectroscopy was studied to improve the LIBS sensitivity and spectral resolution by generating the laser-induced plasmas in the blue outer envelope of a neutral oxy-acetylene flame. Fast images and temporal spectral evolution were studied to investigate the flame effects on the plasma evolution. In the flame environment, both the atomic and ionic lines were enhanced up to 4 and 3 times respectively; the electron temperature rose by around 3000 K at 2 µs and the electron density decreased from ~2.1 × 10 17 to ~1.3 × 10 17 cm −3 at 1 μs; a high-temperature and low-density plasma was generated with the FWHM of Al I 394.4 nm line narrowed down to 60% at 0.8 µs. Both the enhanced emission line intensity and narrowed FWHM were also found in a low alloy steel target. Flame-enhanced LIBS has the potential to improve the measurement sensitivity and spectral resolution in LIBS analysis.
